Li-N-H system has been given significant importance, separately, as a reversible hydrogen storage material 1-3 and in the Li-ion conductor for solid state electrolyte. 4, 5 The focus in the hydrogen energy research has been so far on the hydrogen containing (NH x )
À anion, which is targeted to release the hydrogen at fuel cell operating temperature (typically <400 K) by partially replacing Li with suitable elements, 6 ,7 while on the other hand, in Li-based solid-state electrolyte research, the target is to improve the conductivity of Li-ion. These two apparently different aspects, viz., hydrogen sorption and Li conductivity, were brought closer recently by David et al. 8 in explaining the hydrogenation in LiNH 2 /Li 2 NH. According to them, 8 the heart of the mechanism behind the phase transition (LiNH 2 ! Li 2 NH) is mediated by virtue of the Li þ migration. It is interesting to note that although Li þ ions in LiNH 2 and Li 2 NH undergo similar octahedral ! octahedral/tetrahedral site-hopping, there was not enough understanding from this study 8 to identify what causes different Li þ mobilities in these compounds. A recent molecular dynamics (MD) calculation 9 distinguished different Li ion mobilities in Li compounds including Li 2 NH and LiNH 2 ; though, their calculation leads to the conclusion that Li 2 NH can show Li mobility only above 700 K while LiNH 2 cannot show any Li conductivity. On contrary, the experiments at room temperature show ionic conductivity for LiNH 2 and Li 2 NH, where Li 2 NH has ionic conductivity several orders of magnitude higher than that in LiNH 2 . 10, 11 In one of these reports, 11 a possible explanation was given for different ion conductivities in complex hydrides prepared from LiNH 2 and LiBH 4 . According to them, 11 Li mobility depends on the fraction of Li ion population, which occupies some specific sites with spherical space surrounded by the hydrogen atoms. However, it was difficult to identify the factors that make those Li sites "special." Anisotropy in ionic conductivity is another aspect, which is also difficult to visualize from this ad-hoc concept. Clearly, a phonon description (vibration) of the thermally activated disorder, which is widely accepted as the driving force behind the ionic conductivity, was missing in understanding the Li mobility in Li based compounds. In this letter, we make attempt to understand the reason behind different Li mobilities in Li-N-H system by studying the intrinsic phonon/heat propagation in single crystal Li compound considering LiNH 2 as a case study by taking the advantage of its stable, good quality single crystal, which is free from defects over a reasonable temperature range.
To address the basic understanding of the thermal properties in LiNH 2 as well as the specific issues mentioned above, we compare the experimentally observed specific heat capacity (C p ) data (measured on a single crystal LiNH 2 over a temperature range of 0.4 K to 300 K) with Raman spectroscopy data (obtained from a single crystal LiNH 2 from room temperature to 3.4 K) and combine these results with the ab initio calculation of LiNH 2 . The single crystals of LiNH 2 were prepared by melting the powder LiNH 2 (95% purity, Aldrich) close to 630 K under 0.5 MPa NH 3 atmosphere. The x-ray diffraction confirmed the structure of the single crystal to be tetragonal with I-4 symmetry already reported. [12] [13] [14] This initial structure 12 was used for the ab initio calculation of phonon modes at the wavevector q ¼ 0 using ABINIT package 15, 16 and the calculated result has been reported elsewhere. 17 To calculate phonon dispersion, we estimated inter-atomic force constants using Fourier interpolation method 18 on the 4 Â 4 Â 4 q points mesh in the reciprocal space of the simple tetragonal cell. Phonon density of states (DOSs) was calculated by tetrahedron method. Specific heat capacity was calculated using this DOS.
An overall impression on the thermal properties of LiNH 2 is presented by comparing the calculated and the measured data of the temperature dependent C p in Fig A very low c value, estimated experimentally, suggests that the LiNH 2 crystal does not have significant electronic contribution in the C p . This observation is the consequence of the non-metallic character of the LiNH 2 as reported by others. 19, 20 From b, we experimentally estimate Debye temperature h D to be $595 K. This value is comparable with the calculated h D 576 K for LiNH 2 . In addition to estimating the basic thermal property and parameter, viz., C p and h D , we also plot C p /T 3 vs. T graph (inset of Fig. 1 ) to check for any special mode of vibration in LiNH 2 crystal. The peak around 28 K (corresponding phonon energy is 138 K or 96 cm À1 ) in C p /T 3 vs. T graph indicates possibility of some special mode of vibration including the independent oscillation (Einstein oscillation) as was routinely observed in the cage-type skutterudite or clathrate [21] [22] [23] structures, although LiNH 2 does not have any cage structure. That our first-principle calculation also predicts a peak in C p /T 3 vs. T graph at around 28 K (Fig. 1, inset) , we look into the details of the calculated low frequency phonon modes of LiNH 2 as an option to search for the origin of this peak. Fig. 2 shows the phonon dispersion curve of low frequency modes (<200 cm À1 ) along with their DOS within the 1st Brillouin zone. By correlating the peak at 28 K (Fig. 1(b) ) with the phonon modes in Fig. 2 , the present ab initio calculation finds that this peak is contributed mainly by the optical mode of Li3 vibration (109 cm À1 ). We note that Li in the LiNH 2 lattice has three inequivalent positions, namely, Li1 at 2a site (0, 0, 0), Li2 at 2c site (0, 1/2, 1/4), and Li3 at 4f site (0, 1/2, z). Our calculation shows that, among all Li atoms, only Li3 is responsible for the optical mode at 109 cm , we find from our calculation that Li3 x atoms vibrate along X-axis and the Li3 y atoms vibrate along Y-axis. The first principles calculation also reveals that the nature of the vibration of the Li atoms, including the passive Li1, Li2, and the active Li3, is governed by the potential energy distribution around the Li atoms. The energy distribution surrounding Li1 and Li2 is narrow and deep in all directions yielding the curvatures of the potential surfaces that do not favor any atomic displacement, and therefore, Li1 and Li2 do not contribute in the phonon propagation. On the other hand, the potential well around Li3 sites is anisotropic. For Li3 X atoms, the energy distribution favors atomic displacement in the X direction while the potential surface is deep and narrow along Y and Z directions. Symmetrically, the potentials are found to be deep and narrow along the X and Z directions, while allowing displacement along the Y direction for Li3 Y atoms. Contrary to the Li1 and Li2 atoms, which always reside at the centre of the symmetric potential and cannot migrate to the interstitial positions, the Li3 atoms move far away instantly with rise in temperature. As a consequence, Li3 atoms are expected to undergo a large amplitude vibration. Anharmonic vibration of Li atom is a well-known phenomenon when Li is impurity (or guest) in a crystalline solid (host). [24] [25] [26] Our observation and model show that Li can demonstrate this localized vibration in crystalline solid, where Li is a part of the crystal, not a guest or impurity atom, as we show in LiNH 2 single crystal. We also note that the characteristic of the vibration we report here has similarity with that observed in the cage type structures [21] [22] [23] except that each Li3 vibration has single degree of freedom unlike the three degrees of freedom of each guest atom (Einstein oscillator) in the cage structure. Following these studies, where the rattling motion of guest atoms in the guest-host type structure has been claimed to be a universal phenomenon, 27 one can readily appreciate that the vibration frequency of Li3 atoms may increase with the temperature. [24] [25] [26] [27] [28] ) Raman spectrum of LiNH 2 single crystal within the temperature range 3.4-300 K is shown in Fig. 3(a) in which the peaks are identified according to the calculated Raman active modes. 17 The peak at 125 cm À1 in the low temperature (at 3.4 K) spectrum is identified as the Li3 vibration (E mode). It is to be noted here that our ab initio calculation predicts this energy to be 109 cm
À1
, while the observed peak is at 125 cm
. In another report, 19 the calculated E mode in LiNH 2 is around 116-118 cm
, thus, showing discrepancy between the calculation and the experimental data. Nevertheless, identification of the Li3 vibration in the Raman spectroscopy is unambiguous as this peak should not be confused with any other Raman mode in LiNH 2 , since there is no other peak in the vicinity of the lowest optical E mode. For example, the peak at 125 cm À1 in Fig. 3 (this peak appears at 109 cm À1 in the present calculation and at 116 cm À1 in the calculation by Miwa et al. 19 ) has the nearest peak in the experimental spectrum at around 194 cm À1 (184 cm À1 in the present calculation and 192 cm À1 in Miwa et al.
19
), which is identified as a B mode. After identifying the Li3 vibration, it becomes straightforward to find out the evidence of Li3 rattling as we display the effect of temperature on the vibration energy of Li3 (Fig. 3(b) ). One can appreciate from Fig. 3(b) that, with temperature, the Li vibration (E mode of 125 cm À1 at 3.4 K) shifts towards higher energy side ($137 cm À1 at 300 K), while the other Raman modes do not show any shift towards higher energy side. Thus, the Li3 phonon shows a typical finger print of anharmonic vibration, and therefore validates the model adopted in describing the rattling-type vibration of Li in LiNH 2 under the influence of the surrounding potential energy. As an overall consequence, the measured and the calculated specific heat capacity (C p ) and the Debye temperatures (h D ) match closely (Fig. 1) .
It is known by the contribution of a number of studies 3,14,29 that the phase transformation Li 2 NH ! LiNH 2 is kinetically more favorable than the reverse one. The view of David et al. 8 supports this observation indirectly following the fact that the Li mobility, which is higher in Li 2 NH than LiNH 2 , triggers the hydrogenation mechanism. Two different perspectives of this aspect, viz., molecular dynamics describing the toggling of Li atoms among different interstitial positions and the thermodynamics of Li 2 NH/LiNH 2 phase transformation (hydrogen sorption) may be brought closer by our study through the common platform of first principles calculation supported by the experiments as reported here. In addition, we also support the concept of site specific Li activities, which was introduced by Matsuo et al.
11 ; though, in our report, we emphasize that the energy distribution around Li atoms (unlike the ad-hoc concept of volume of the spherical space around Li atom created by the hydrogen atoms 11 ) is the key behind the site specific Li activities. We may also qualitatively explain the reason behind a finite (governed by the active Li sites) but weak (only 25% of total Li atoms are active either in X or Y direction) Li mobility in LiNH 2 , which was not taken into account by MD calculation. 9 Further implications of the findings in our study may also be important. Presence of site-specific Li activities may give scope of further application of Li-N-H system, in general, and for LiNH 2 , in particular, which has a low thermal conductivity (not shown here). One of the factors causing the low thermal conductivity may be the interfering of rattling Li3 phonon with the heat carrying acoustic phonons, a property observed in phonon glass. 23 On the other hand, upon replacing Li1 and Li2 atoms by suitable elements (a similar approach is to weakening N-H bond for hydrogen desorption with partially substituting Li by K, Mg, and Ni in LiNH 2 (Refs. 6, 7 and 20), it may be possible to enhance the charge carriers in LiNH 2 . Clearly, the proposed crystal may have interesting prospect as a thermoelectric material; similar to that of the phonon glass electron crystal (PGEC). 30 This future application is in addition to the on-going interest of LiNH 2 being one of the model Li-N-H systems as the hydrogen storage materials. 
